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I. INTRODUCTION
A great deal of interest has been stimulated in conjugated polymers in the last two decades due to their conductive behavior after doping with electron donors or acceptors.
1,2 Considerable attention has also been paid to their undoped state in which the materials demonstrate fascinating semiconducting properties with electronic band gaps ranging from approximately 1 to several eV. As an example, poly-para-phenylene vinylene ͑PPV, Fig. 1͒ is considered as a typical material since it has a nondegenerate ground state which exhibits good stability and high conductivity after doping. Moreover, it takes the form of quasi-onedimensional molecules arranged in a three-dimensional crystal structure ͑Fig. 2͒ and this arrangement is ideal for studying the properties in different aggregate states. Furthermore, the material is easy to process and there are quite a large number of possible substitutions which give the opportunity to tune the optoelectronic properties. Especially since the discovery of electroluminescence, 3 considerable progress has been made in using the material in displays, light-emitting diodes ͑LEDs͒, and field-effect transistors ͑FETs͒, 4-6 but there is still more to do to optimize the lifetime of devices.
It is well known that investigation of the dynamical properties ͑such as vibrational spectra, polarizability, and Born effective charges͒ of conjugated polymers is one of the most important tools for probing the structural and microscopic optoelectronic properties of the materials in various phases, and in both the pristine and doped states. 7, 8 The understanding of the relevant properties requires a detailed knowledge of the dynamical properties. However, it is often the case that information on the anisotropy of the dynamical properties obtained by different methods has been quite inconsistent. 9 Further, for a large system, the experimental determination of anisotropy is either extremely difficult or only describes the conformational averages. This seriously limits the understanding of the relationship between electronic structure and material properties. Due to the fact that a realistic theoretical description involves heavy computational cost, many calculations of the dynamical properties of polymers have been based either on simple models, such as an isolated, perfectly straight chain where the solid-state effects are not included, or only average axial static properties, while ignoring the anisotropy information. Nevertheless, some recent progress has been made in understanding the dynamical properties for molecules or molecular crystals [10] [11] [12] [13] and for conjugated polymers. 14, 15 However, uncertainties remain concerning the microscopic basis of chain-chain interactions in the crystalline state. For example, a recent study 16 of the vibrational properties of PPV shows that the calculated phonon modes of an isolated chain are in quite good agreement with the experimental results for a polymer crystal, indicating that the isolated chain model in some circumstances can be a good approximation. However, there are still some experimental vibrational modes which have not been identified in the one chain model, indicating as one would expect that crystalline packing effects are also significant in some cases. Very recently, 17 a theoretical study of dielectric and vibrational properties was carried out, but only for some of the simpler amino acid molecules. In this work we present an ab initio investigation of the dynamical properties of the conjugated polymer PPV. We first focus on the vibrational properties of an isolated PPV chain. Then a crystalline state calculation is performed to investigate the unidentified phonon modes seen in experiments on PPV samples. The paper is organized as follows: Sec. II presents the theory and computational details, and then in Sec. III we present the results and their discussion. A short summary concludes the paper in Sec. IV.
II. THEORY AND COMPUTATIONAL DETAILS
According to perturbation theory, when an electric field ⑀ is applied, the change of the dipole moment d can be written as a power series,
where i, j, and k run over the x , y, and z axes of the system, d 0 is the dipole moment at zero field, ␣ ij is the polarizability tensor, and ␥ ijk is the first-order hyperpolarizability.
The polarizability tensor ␣ ij may be defined as
where E is the total energy of the system. Thus the polarizability tensor can be directly evaluated by finding the second-order derivatives of the total energy, which we obtain in this work by the use of linear response, or densityfunctional perturbation theory ͑DFPT͒. 18, 19 In practice, we are only required to know the first-order changes in the charge density and potential in order to evaluate the change in energy to the second order. We also calculate the components of the polarizability tensor using the finite difference ͑FD͒ method, where appropriate. In this method, the change of dipole moment as a function of electric field is obtained and then the coefficients ␣ ij are derived from Eq. ͑1͒. However, since the computational cost of the FD method is very considerable and it is not possible to use the method for mixed perturbations, or the response to electric field in crystalline systems, we employ only DFPT for the study of the vibrational properties and effective charges.
DFPT is one of the most robust methods for the calculation of lattice dynamics. It is possible to calculate a number of properties by considering different perturbations. For example, a perturbation of the ionic positions can be used to obtain the dynamical matrix and information on the phonon modes. The squares of the angular frequencies of the phonon modes are the eigenvalues of the dynamical matrix which can be obtained by using a linear-response determination of the second-order change in the total energy induced by atomic displacements,
where E is the vibrational potential energy, and R i and R j are the ion coordinates. The perturbation resulting from an applied electric field allows us to evaluate the dielectric response. The electronic dielectric permittivity tensor ␤ ij is the coefficient of proportionality between the macroscopic displacement field and the macroscopic electric field, in the linear response regime, 
where D mac is the displacement and P mac the polarization. In the limit of low frequencies of the applied field, the electronic contribution to the dielectric permittivity tensor can be written as
where ⍀ 0 is the volume of the supercell and ␣ ij is the polarizability tensor defined as in Eq. ͑2͒. The Born effective charge tensor of the ith ion Z i,jk * is the partial derivative of the macroscopic polarization with respect to a periodic displace- ment of that ion at the limit of zero applied electric field, and in DFPT the tensor is equivalent to the linear relation between the force upon an atom and the applied electric field,
where ⍀ 0 is the volume of the supercell and ik is the displacement of the atom ion i in the direction k. The Born effective charge is a very important quantity in polar semiconductors and insulators. The long-range behavior of the Coulomb forces gives rise to macroscopic electric fields for longitudinal-optic ͑LO͒ phonons at the ⌫ point and the coupling between longitudinal phonons and the electric field give rise to LO-TO splitting at the ⌫ point. This splitting is determined by the Born effective charge and by the static dielectric constant of the crystal. 19 All calculations were performed with the plane-wave pseudopotential implementation of density-functional theory ͑DFT͒ using the CASTEP code. 20, 21 Plane-wave basis sets have many benefits compared to conventionally used quantum chemistry basis sets; in particular, there exists a simple parameter, the cutoff energy, to determine the completeness of the basis. This gives us confidence that the wave function can describe any properties without bias towards any other particular result. 13 In our calculations, the many-body exchange and correlation interactions are described using the local-density approximation ͑LDA͒. Such calculations are capable of giving accurate and reliable structural and electronic information. Norm conserving pseudopotentials are used to describe the electron-ion interactions. A cutoff energy of 1000 eV is used which converged the total energy of the system to 1.0 meV/ cell. The Monkhorst-Pack k-point sampling scheme 23 was employed to perform the integrations in k space over the first Brillouin zone with the grids for each cell chosen to be dense enough to also converge the total energy to 1.0 meV/ cell. In this work, a 1 ϫ 1 ϫ 8 mesh was used for an isolated PPV chain, and 30 k points are used for the crystalline state. The threshold value of the ionic forces is 0.05 eV/ Å 3 . The Kerker density-mixing scheme 24 was used to achieve selfconsistency.
The use of a plane-wave basis set requires periodic boundary conditions in all three dimensions. To achieve this the PPV chain was artificially repeated in the two dimensions normal to the polymer axis with a sufficiently large unit cell to make neighboring interactions negligible. For an isolated PPV chain, the unit cell dimension is 15ϫ 15ϫ d Å 3 , where d is the repeat distance along the polymer chain. In our calculations, the ground-state lattice constant d is found to be 6.65 Å, and the torsion configuration of the polymer is planar. 25 For a detailed study of the geometrical properties, the readers are referred to Ref. 25 . In the solid state of PPV, we calculate a herringbone crystal structure, 26 with a = 8.07 Å, b = 6.05 Å, and c = 6.54 Å, the monoclinic angle between b and c is 123°, the setting angle ⌽ is 52°͑Fig. 2͒, and the unit cell has P21/ a symmetry. 
III. RESULTS AND DISCUSSION

A. Vibrational properties
The vibrational properties of PPV have been previously studied, both theoretically and experimentally, by a number of groups. 16, [27] [28] [29] In the present work we calculate vibrational normal-mode frequencies and displacements by directly evaluating the matrix of force constants using DFPT. Table I shows our calculated vibrational frequencies at the ⌫ point for a PPV chain, along with previously published results. We adopt the symmetry labeling of Refs. 16 and 28 based on the C 2h point group. Table I shows that the frequencies of the ring C-C stretch modes are in the range of 1314.1-1553.1 cm −1 , while the vinylene stretch frequency is at 1637.4 cm −1 , close to the experimental value. 30 These results are in good agreement with other theoretical and experimental data. 16, 28, 29 The higher-frequency phonon modes ͑from 3038.9 to 3102.9 cm −1 ͒ are due to C-H stretch vibrations. It is found that most of the out-of-plane modes are softer than the in-plane ones, since the former mainly involve bondlength and bond-angle alternations.
The results of the isolated chain calculations are in very good agreement with recent publications, and it is possible to assign most of the experimental vibrational frequencies. However, there are still four experimental modes denoted as 1 , 2 , 3 , and 4 in Table I which are not assigned by the isolated chain model calculation. 16 To see whether those modes derive from the crystalline nature of the measured samples, we have performed calculations for crystalline PPV and have found that the four experimental frequencies are successfully reproduced in our calculation, as shown in Table  II . The atomic displacements of PPV in a crystalline unit cell are illustrated in Fig. 3 . The main feature of the vibrations is that all of them involve neighboring chain-chain interactions. Especially for some hydrogen atoms, direct hydrogenhydrogen interactions seem to exist. A feature of the 1170.6-cm −1 mode ͓in Fig. 3͑a͔͒ is that all the atoms in the two neighboring chains vibrate in the same direction, and in the central chain, all the atoms vibrate in the central plane. At a particular time, the vibration direction of each individual atom is shown in the corresponding figure. In the case of the 1207.9-cm −1 mode ͓Fig. 3͑b͔͒, the atoms in the central chain vibrate out of the central plane. The properties of the 1297.3-cm −1 vibration are similar to that of the 1170.6-cm −1 mode; the atoms in the two neighboring chains movein the same direction. In the central chain, there exist stretch vibrations with a larger amplitude between both phenyl and vinyl atoms. For the 1408.9-cm −1 mode, the stretching vibrations exist in the two chains in the unit cell. The correlated motion of the modes seen only in crystalline material suggests that interchain interactions play a key role in determining their frequencies.
B. Polarizability and permittivity
We have also carried out calculations of the polarizability ␣ and permittivity ␤ tensors of PPV. Figure 1 shows the coordinate system used to define the tensors relative to an isolated polymer chain. The z direction is shown in Fig. 1 , and the x and y directions are, respectively, perpendicular and parallel to the plane of the phenyl ring. For the crystalline state, the orientations of the polymer chains are shown in Fig. 2 . Two distinct methods have been employed for the calculation of the polarizability of PPV: one is linearresponse DFPT and the other is the FD-DFT approach, which has been shown 13 to be capable of yielding values in good agreement with experiment for molecules. The polarizability and the permittivity tensor components calculated using DFPT are given in Table III . For comparison, we have also calculated the FD-DFT polarizability for a styrene molecule, which is realized by saturating the two dangling bonds with hydrogen atoms in the PPV repeat unit shown in Fig. 1 . The calculated dipole moment as a function of applied field is shown in Fig. 4 . An analysis of the individual components of the induced dipole moment as a function of electric field gives the relevant polarizability tensor components listed in Table III .
As the experimental determination of the full polariz- Ab initio calculation for crystalline polythiophene ͑PT͒ ͑Ref. 33͒.
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Ab initio dynamics study of poly-para-phenylene vinylene J. Chem. Phys. 123, 024904 ͑2005͒ ability tensor information is rather difficult, it is instructive to compare the DFPT results with the corresponding finite difference results of styrene. It is found that ␣ DFPT for the polymer is much more anisotropic than for styrene. The results show that there is a major difference between relevant values in the polymer and styrene. For the molecular case, the diagonal components of ␣ are much less anisotropic than for one-dimensional ͑1D͒ PPV. For an isolated PPV chain, as can be seen in Table III , the major contribution to the average of polarizability ␣ av DFPT =Tr͑␣ DFPT ͒ / 3 is the component ␣ zz in the z direction. Our value of ␣ av DFPT is reasonable when compared with typical data for the axial polarizability for conjugated polymers.
14,15 However, there is currently no other similar work on the anisotropy of polarizability which we can use for comparison. It is apparent that ␣ zz ӷ ␣ yy and ␣ yy ϳ ␣ xx for both the isolated chain and crystalline states. Although the three principal components differ from those of an isolated chain, ␣ av DFPT is very similar for the crystalline state.
The diagonal elements of the electronic permittivity of PPV also show quite strong anisotropy with ␤ zz ӷ ␤ yy and ␤ xx Ӎ ␤ yy . The predicted value of the average of PPV permittivity ␤ av is in good agreement with the typical permittivity value of approximately 3. 32 A similar permittivity anisotropy can be found for crystalline polythiophene ͑PT͒. 33 In both PPV and PT, the permittivity principal component value ␤ zz is much larger than those in the other directions. The linear response of the electronic charge density to the applied electric field can be visualized by making a plot of the first-order perturbation of the charge density, which is the linear ͑i.e., first order͒ variation in the electronic charge density resulting from the perturbing potential. The simple way to regard it for an electric field is to consider how the charge density would vary under application of the field, i.e., where the electrons would flow from and where they would flow to. The first-order density obtained by the DFPT treatment is plotted in Fig. 5 and it is found that the density corresponding to the perturbations in the x axis are highly polarized. A more quantitative analysis of this response can be gained by examination of the effective charges on the constitute atoms.
C. Born effective charge
In Table IV , the principal components of the Born effective charge tensors for an isolated chain and crystalline states of PPV, together with atomic charges obtained by Mulliken population 34 analyses, are presented. Note that we show the charges for symmetry-related atoms in the table. In the calculations we do not enforce symmetry so as to investigate if any symmetries are broken ͑we find that none are͒. The slight differences in charges on symmetry-related atoms indicate the computational accuracy of the data presented ͑ap-proximately two decimal places͒. It is found that all the Mulliken population atomic charges, except for certain carbon atoms, possess roughly the same value for each atom type ͑H or C͒ in both the isolated chain and the crystal. This suggests that the electronic structure of each atom is similar regardless of the two different packing states. However, discrepancies exist between the Mulliken atomic charges and the average The discrepancies between the effective charges and population atomic charges highlight their different origins. The Mulliken population charges are based on the partition of the Kohn-Sham orbitals and provide information on the static electronic structures, whereas the Born effective charges are based upon the dynamics of the system, and provide information concerning dynamical properties. Therefore when a dynamical property is involved, effective charges are normally more appropriate for use in the study of the physics of the system.
The infrared ͑IR͒ absorption coefficient can be expressed as
where m is the mode of vibration, Z ,␣␤ * is the effective charge, and e m is the phonon eigenvector. For complex systems such as conjugated polymers, the IR spectrum can be helpful and very useful in interpreting the vibrational properties. The calculated IR spectrum of an isolated chain is plotted in Fig. 6 , and for a crystal in Fig. 7 . Due to there being two chains per unit cell there are more peaks in Fig. 7 . The peaks in the IR spectrum for crystalline state are shifted and broadened when compared with that of Fig. 6 , especially in the region in which the four unidentified modes lie ͑that is from 1170.6 to 1408.9 cm −1 ͒; there is a big relative increase for the IR absorption in that region. These differences can be attributed to interchain interactions in the crystalline state. In addition, in the crystalline calculation there is an absorption peak at 2078.3 cm −1 which originated from asymmetric vibrations among the atoms shown in the inset of Fig. 7 , which has not been reported in experiments.
IV. CONCLUSION
We have presented an ab initio dynamics investigation of the properties of the conjugated polymer poly-paraphenylene vinylene in both the isolated chain and crystalline states. We have calculated the vibrational properties of PPV by directly evaluating the dynamical matrix of force constants using a DFPT determination of the second-order change in the total energy induced by atomic displacements. We found that most of the vibrational frequencies in an isolated PPV chain can be associated with specific modes seen in experimental studies of crystalline PPV. The higherfrequency phonon modes are due to the C-H stretch, while the vinyl C-C stretch mode has a higher frequency than the phenyl ring C-C stretch modes. Calculations for the crystalline state allow us to assign several previously unidentified experimentally observed modes which are not seen in the isolated chain calculation. Information has also been obtained on the polarizability and permittivity tensors of the PPV. The results are in reasonable agreement with typical values of the axial polarizability and permittivity of conjugated polymers. Analyses of the first-order electronic charge densities give insight into the behavior of the electronic polarizability. Dynamical Born effective charges have been calculated and compared with the Mulliken population atomic charges. Although there are differences, it is argued that effective charges are more appropriate for use in the study of the dynamics of the system. Notable differences are found in the predicted IR absorption spectra obtained for an isolated chain and PPV in the crystalline state. The results demonstrate that the chain-chain interactions in the crystal play a key role in determining the dynamical properties.
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